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Abstract 
Carbon nanotubes (CNTs) have been widely investigated to develop efficient ORR 
catalysts and metals loading, which can dramatically improve their activity for ORR. 
Here for the first time we demonstrate that number of walls in pristine CNT supports 
has significant effects on the electrocatalytic activity of Pt nanoparticles (NPs) 
towards ORR in both alkaline and acidic conditions, with the electrocatalytic activity 
of Pt NPs showing distinctive volcano-type curves as a function of the number of 
walls. In this study, Pt NPs of a similar size were uniformly self-assembled on CNTs 
with different number of walls and outer diameters, which could be used as model 
catalysts. Characterization methods including Transmission electron 
microscopy(TEM), Brunauer-Emmett-Teller(BET), X-ray diffraction (XRD), 
thermogravimetric analysis (TGA) and electrochemical activities were applied in 
order to confirm the loading, particle size and distribution of platinum nanoparticle 
onto various types to carbon nanotubes. The electrochemicalperformance of Pt/CNTs 
was identified through electron transfer number and Tafel slope through LSV 
analysis both in alkaline and acidic solutions. Double-walled CNTs (DWCNTs) 
composed of 2-3 walls exhibit better activity for ORR, compared with typical single-
walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs). The findings explored 
a direction for developing high active and stable electrocatalysts for energy 
conversion technology. 
Key words: Carbon nanotubes, Oxygen reduction reaction, Functionalization, Pt 
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1 Introduction 
1.1 Oxygen Reduction Reaction 
1.1.1 General Description 
Over reliance on traditional energy resources, such as coal, natural gas, oil and 
firewood, leads to detrimental environmental impact and is not sustainable
[1]
. Using 
fossil fuels have some side effects, including generating greenhouse gases and 
sulphur dioxide (SO2) and possessing low efficiency. Greenhouse gas like carbon 
dioxide (CO2) is warming up the globe, glaciers would then melt at a faster speed 
and the sea level would rise up as a consequence. SO2 results in acid rain, eroding 
buildings and outside machines. Meanwhile, this process is rather low efficient and 
cannot meet the rising global energy demand.So, relying on traditional energy 
resources will poses serious challenges to human health, energy security, and 
environmental protection.  
In order to solve this problem, fuel cell technology has drawn significant 
attention from researchers and companies because of no pollution, high energy 
conversion efficiency and potential large-scale applications. Fuel cell technology is 
believed to be the most promising solution for its sustainable and clean power
[2]
. 
Water is the only by product of this system, which directly generates electricity by 
electrochemically reducing oxygen and oxidizing fuel into water. Meanwhile, this 
energy conversion technology possesses rather high efficiency and it can be applied 
in various areas, like automobiles and factories.  
Fuel cells are separated into different types and in this research they are 
mentioned as following kinds: polymer electrolyte membrane fuel cells (PEMFC), 
direct methanol fuel cells, alkaline fuel cells, phosphoric acid fuel cells, molten 
carbonate fuel cells, solid oxide fuel cells and reversible fuel cells. Among them, the 
hydrogen/air PEMFC is believed to be the most available fuel cell for automotive 
propulsion, which is also the main target of my research.  
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Fig 1Scheme of a proton-conducting fuel cell
 [6]
 
As shown in the scheme of a proton conducting fuel cell in figure 1, it consists 
of two anodes (anode and cathode), a membrane, an electrolyte and catalysts.  Anode 
is the place where H2 inputs and cathode is the place where oxygen inputs. 
Membrane is used to exchange proton and prohibit the gas diffusion of hydrogen (H2) 
and oxygen (O2). Catalysts are sprayed or painted onto a carbon paper and they are 
catalysing H2 and O2 As for catalysts, platinum (Pt) based catalysts are mainly 
mentioned in this paper because the main purpose of this paper is researching the 
effect of the number of wall of carbon nanotubes on the electrochemical performance 
of Pt. Pt based catalysts include Pt and Pt alloys. 
But, the cost and performance aims for this application are still challenging. It is 
well acknowledged that the conversion efficiency into mechanical energy is 
necessary to reach an acceptable fuel cost for per kilometre as the cost of producing 
clean H2 from water can hardly be negligible. Also, driving range has a strong 
relationship with the efficiency. Since the energy density of compressed H2 is rather 
low, it is still challenging to get enough ft. for a driving range longer than 400 km
[3]
. 
But, this can somehow be moderated by the more adorable efficiency of the PEFC 
compared to the relevant efficiency of a traditional power train/ICE. PEFC cars using 
condensed H2 have reached a driving range of 500 km. For the purpose of urban use, 
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battery cars without any fuel plug-in possessing 150 km driving ranges somehow can 
be applied. But there are still many limitations related to the battery cost and weight 
and charging time. In this thesis, we present the recent fundamentals and advances 
concerning to the fields of ORR, with a focus on the electrochemistry and materials 
chemistry of ORR. The catalytic mechanism and battery electrochemistry of oxygen 
reduction reactions (ORR) both in acidic and alkaline solution are discussed on the 
basis of organic and aqueous electrolytes. 
As for the catalytic mechanism, several common ORR processes and their 
relevant thermodynamic electrode potentials at different standard conditions are 
listed in the following parts. The mechanism of the electrochemical O2 reduction 
reaction is relatively complexed and contains tons of intermediates, which has a 
strong relationship with the conditions of the electrode material, electrolyte and 
catalysts. The mechanism of various catalysts would also be listed. 
But, there are two main pathways included, that is,  the 2-electron reduction 
pathway and the direct 4-electron reduction pathway
[4]
. The former one is from 
oxygen (O2) to hydrogen peroxide (H2O2) and the later one is from O2 to H2O. 
Admittedly, in non-aqueous aprotic solvents and/or in alkaline solutions, one special 
pathway, namely, the pathway from O2 to superoxide exists. 
It is well known that the mechanism in acidic and alkaline is different. 
Specifically, there are five elemental steps involved in acidic condition, that is, the 
dissociation of O2, two hydrogenation steps of both O and OH.   
In acidic aqueous solution, there are three steps involved: 
O2 + 4H
+
 + 4e = H2O             1.229V 
O2 + 2H
+
 + 2e = H2O2             0.70V 
H2O2 + 2H
+
 + 2e = 2H2O        1.76V 
In alkaline aqueous solution, there are also three steps involved: 
O2 + H2O + 4e = 4OH              0.401V 
O2 + H2O + 2e = HO2
-
 + OH -0.065V 
HO2
-
 + H2O + 2e = 3OH
-
0.867V 
In non-aqueous aprotic solvents, there are only two relevant steps: 
 O2 + e = O2
–
     a 
O2
-
 + e = O2
2- 
    b 
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a, b: The thermodynamic potentials for the 1-electron reduction reaction to form 
a superoxide, as well as the values are not fixed because their further reductions into 
O2
2-
 are mainly dependent on the solvent used. 
1.2 Catalysts 
As mentioned above, the proton exchange membrane (PEM) is consisted of two 
anodes, that is, cathode and anode. Compared to the hydrogen oxidation reaction in 
the anode, ORR in the cathode is six orders of magnitude slower because of its large 
onset over potential and sluggish kinetics. One another reason for this is that there 
are only two electrons involved in hydrogen oxidation reaction while there are four 
electrons in ORR. At the moment, Pt is the most commonly used catalyst, which is 
also the most cost component of the IC vehicles. So, in order to speed up the ORR 
kinetics to reach a practical point, proper catalysts with high catalytic activity and 
low expense should be investigated
[5]
. 
Therefore, many researches have been conducted in order to manufacture novel 
ORR catalysts byfollowing methods: increasing the mass activity by alloying the 
precious metal 
[6-9]
 with another metal and eliminating the existence of Pt by 
generating non-precious metal catalysts 
[10-13]
, which can be rather competitive.  
1.2.1 Platinum 
The state-of-the-art ORR catalysts are Pt and Pt based bimetallic or trimetallic 
electro-catalysts. It is clear that Pt is the only element which can meet the 
requirements while avoiding slow reaction kinetics, proton exchange membrane 
(PEM) system degradation caused byH2O2 formation and catalyst degradation related 
to metal leaching. 
Using the Density functional theory (DFT) calculations
[14]
, it is easy to get that 
the binding energy is relevant to catalytic efficiency. In specific, in order to gain high 
catalytic efficiency, the oxygen species should desorption from the surface of the 
catalyst. Or else, the catalyst would be poisoned by these species. Meanwhile, these 
species should also have strong adsorption affinity onto the surface of catalyst, so 
that the reaction would take place. Based on the two theoretical calculations 
mentioned before and experimental data, “volcano plots,” can be used getting the 
optimal ∆EO.  
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Fig 2 the logarithm of exchange current densities (logi0) for cathodic hydrogen evolution vs. the 
bonding adsorption strength of intermediate metal-hydrogen bond formed during the reaction 
itself
[14]
. 
 
Fig 3 Trends in oxygen reduction activity plotted as a function of the oxygen binding energy
[14]
. 
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Among these catalysts, Pt catalysts are located in the best position. This is the 
main reason for the wide utilization of Pt as catalyst. In this research, PtNano particle 
is the main part of the catalyst. Since the loading, distribution and nanoparticle size 
of Pt can have a significant effect on the catalytic efficiency; these parameters will be 
investigated by various methods.  
Nevertheless, Pt does not takethe theoretical best position. So, while designing 
an ORR catalyst, it can be improved without any question. One solution to adjust 
oxygen intermediates’ adsorption energies is adjusting the catalyst conductive band, 
or d-band centre. Another solution for shifting the catalyst electronics is tuning the 
main surface facets. There is a specific surface energy for each type of crystal 
plane.Besides, the activity of ORR would be enhanced more by applying a Pd3Co 
nanoparticle core or Pt monolayer on a Pd results in a strain on this facet. In the 
following paper, Pt based catalysts will be introduced.  
1.2.2 Platinum alloys 
Pt alloys possess two obvious benefits compared to pure Pt catalysts. The first 
one is that those two metalinteractions tend to modify the electronic properties, 
resulting in higher ORR activity. Another one is that incorporated metal results in a 
decrease of the loading of Pt while catalytic activity maintained. This main reason for 
this phenomenonis that particle core is prohibited to leave the active site of Pt by 
alloying metal. There are some materials listed below that have embraced those 
benefits mentioned above in order to fabricate advanced catalysts. 
1.2.2.1 Platinum-noble metal alloys 
Given the fact that noble metals are stable in harsh condition of oxidation and 
acidic condition, it is beneficial to use them for ORR. Because of Ostwald ripening, 
they are excellent options as the addition of Pt catalysts which do not possess 
acceptable stability in PEMFCs. 
Zhang et al. have produced a nano dendritic Ir@Pt catalyst through a one-pot 
synthesis solution
[14]
. Ir nano dendrites were prepared from the reduction of 
hexachloroiridic acid hexahydrate by sodium borohydride with the existence of 
CTAC at 60
o
C for five hours. Through this method, Pt is homogeneous dispersed 
onto the surface of Ir with the molar ration of 0.5, which was confirmed by TEM 
analysis. Electrochemical surface area (ECSA) would be enhanced by the nature of 
these nano dendritic particles. Admittedly, the interaction between the Pt shell and 
Curtin University                                                      1 Introduction 
 7 
the iridium core can enhance the impressive ORR activity. The CV curve from 0 to 
0.64V showed the improved catalytic performance. This is proposed to be attributed 
to the better dispersion of Pt and the interior interaction between Pt and Ir as well as 
the private morphology of Ir@Pt. This research has significance of proposing active 
bifunctional electrocatalysts. 
 
Fig 4 the oxygen reduction reaction (ORR) on Pt monolayers supported on various transition 
metals exhibits volcano-type behaviour
[15]
 
 
Yeo et al. prepared Pt/Au nano dendrites by utilizing gold seed
[15]
. The 
background information for this process is that the hollow silica can provide an ideal 
place for consist growth of crystals. Meanwhile, the morphology of nanocrystals is 
also controllable. Most importantly, the silica shell is removable so that the inside 
crystals can be leaved. In this research, porous silica was applied with inner diameter 
of about 28nm. Pt nanoparticles were synthesised from the reduction of Na2PtCl4. 
HRTEM images and TEM analysis showed that Pt based Au nano dendrites were 
successfully prepared. Through ORR polarization curves in HClO4 solution, 
spherical Pt/Au showed better catalytic performance when compared to that of Lf-
PtND and commercial Pt blank. So, this research can provide an opportunity for 
novel preparation of hybrid nanocrystals. The electrocatalytic performance is 
expected to be enhanced in this way. 
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Fig 5 Synthesis of Pt nano-dendrite employs Au-seed-mediated growth inside hollow silica 
nanospheres
[16]
 
 
Karan et al. produced a novel type of electrocatalyst, that is, Pt@IrPd. In this 
research, metal chlorides were reduced to synthesis samples with various molar 
ratios of Ir to Re
[16]
. Certain amount of metals was mixed with carbon before 
sonicated for half hour. Then, the mixture was dried and heat treated at four hundred 
centigrade. The reduced solid was tested by TEM and XAS as well as RDE. 
According to CV test, the half wave potential remained unchanged after 3000cycles. 
In other words, the stability of synthesised catalysts is adorable. This research is 
beneficial for the following reasons: Pt content can be decreased to be only one 
monolayer. Pt can be made full use because all atoms are participating in the reaction 
and there are more active sites compared to conventional catalysts. Tuneable activity 
and stability are enhanced by modifying the structure and electronic properties of Pt.  
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Fig 6 catalysts showed specific electro catalytic activity for ORR comparable to that of platinum
[17]
. 
 
Shao et al. prepared Pt monolayer supported onto the surface of Au. It showed 
better catalytic activity than Pt monolayer supported onto the surface of Pd and pure 
Pt. The pheromone was calculated and explained by density functional theory. The 
improved catalytic activity is believed to be contributed to the compressive strain in 
the surface of nanoparticles. Meanwhile, this paper mentioned that, conventionally, 
in order to decrease the amount of Pt content, core shell structure or adding 
replaceable materials are mainly applied
[17]
. 
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Fig 7the increase in oxygen binding energy was previously proposed to account for the lower 
oxygen reduction activity of a Pt monolayer supported on Au (111) single crystal than that on Pd 
(111) and pure Pt (111) surfaces
[18]
. 
 
Alia et al. have prepared three types of catalysts, that is, Pt coated palladium 
nanotubes, Pt nanotubes, and palladium nanotubes. Synthesised samples were 
characterized by SEM and TEM analysis. The result showed that nanotubes were 
doped with nanoparticles. According to area activity test, the performance of Pt/Pd 
nanotubes was far better than that of commercial Pt/C. This is believed to be 
contributed to the enhanced stability and morphology of Pt. The result is remarkable 
for further application
[18]
.  
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Fig 8 Platinum (Pt) coated palladium (Pd) nanotubes (Pt/PdNTs) with a wall thickness of 6 nm, 
outer diameter of 60 nm, and length of 5-20μm are synthesized via the partial galvanic 
displacement of Pd nanotubes
[18]
. 
1.2.2.2 Platinum-transition metal alloys 
Zhu et al. have also prepared core shell FePtCu nanorods by the thermal 
decomposition of iron pent carbonyl and metal acetylacetonates. In this process, 
oleylamine and sodium oleate were used to control the growth of nanorods, while the 
growth of ternary nanorods were controlled by the precursor ratios.The synthesised 
samples had better stability especially in acid solution compared to that of binary 
counterparts. It provides an access to producing high efficient catalysts
[19]
. 
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Fig 9 Synthesis of a new class of 20 nm × 2 nm ternary alloy FePtM (M = Cu, Ni) nanorods (NRs) 
with controlled compositions
[19]
 
 
1.3 Carbon Nanotubes 
1.3.1 General Description 
Carbon nanotubes (CNTs) are seamless cylinders composed of one or more 
curved layers of graphene with either open or closed ends
[20, 21]
. There are classified 
as three types, that is, SWCNTs, DWCNTs and multiwall carbon nanotubes 
(MWCNTs).  
 
 
Fig 10Type of carbon nanotubes
[20, 21]
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1.3.2 General Functions 
Afterthe find of CNTs in the year 1991
[20]
, tons of research have been conducted 
in various areas
[22-25]
.  The detailed information is not discussed in this paper. In the 
following discussion, the main topic is about the effect of the wall of carbon 
nanotubes on the catalytic activity of various catalysts. 
1.3.3 Application in Oxygen Reduction Reaction 
It is well acknowledged that CNTs have the benefits of good stability and 
electrochemical performance.In the past decades, noble and non-noble metal NPs 
supported on CNTs with enhanced activity for ORR were intensively studied in the 
past decades 
[26-31]
. By synthesising transition metals doped onto various types of 
carbon nanotubes, the electro catalytic activity of prepared samples has been 
improved. Meanwhile, there is a strong affinity between transition metals and carbon 
nanotubes
[32]
. It is also believed that doping CNTs with heteroatom such as nitrogen
[9, 
33]
, boron
[34]
, sulphur
[35]
 and phosphorus
[36]
 can dramaticallyenhance the performance. 
Miller et al. proved that the defects of SWCNTs generated by special treatment could 
also enhance the performance
[37]
.  
1.4 Recent Research 
As this research focuses on the effect of the wall of carbon nanotubes on the 
performance of Pt nanoparticles, the following content will focus on the work that 
has done by our research group. 
1.4.1 Pristine CNTs for Oxygen Evolution Reaction 
There are seven types of carbon nanotubes used in this research from CNT-1 to 
CNT-7. The average numbers of walls of various carbon nanotubes are 1, 2, 3, 3, 
7, >12 and >30, respectively. The TEM analysis results are shown in Figure 11 and 
Raman spectra analysis results are shown in Figure 12. The relevant data about 
various types of carbon nanotubes are also calculated through BET. The surface 
areas for CNTs are 651, 679, 643, 459, 485, 174, 85m
2
 g
−1
, respectively. The 
following research is mainly based on these carbon nanotubes. 
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Fig 11 TEM analysis of CNTs 
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Fig 12 Raman spectra of CNTs 
 
Then, these CNTs were washed and filtered by HCl for three days. Through 
TGA test, the amount of impurities was decreased significantly, as shown in Figure 
13. Actually, the electro catalytic activity of various types of CNTs was not changed 
after the purification treatment, as shown in Figure 14. So, the impurities left were 
not the main factor for the electrochemical performance differences. 
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Fig 13 TGA analysis of CNTs 
 
 
Fig 14 LSV of CNTs before and after the purification 
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After that, the performance of various types of CNTs was tested, including the 
TOF and chronopotentiometry. The activity was also concluded in Figure 15-17. The 
electrochemical activity of triple wall carbon nanotubes was better than that of other 
types of CNTs. 
 
Fig 15 the TOF vs the wall numbers of CNTs 
 
Fig 16 Chronopotentiometry curves of CNTs 
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Fig 17 Plot of the activity of CNTs for the OER 
 
In order to explain this phenomenon, one hypothesis is proposed. The reason for 
the better performance is due to the quantum effect of double and triple wall carbon 
nanotubes. The outer wall is reaction site, while the inner wall is useful for fast 
electron transfer. As for single wall carbon nanotubes, there is no quantum effect. 
When it comes to MWCNTs, the effect is decreased with increased wall numbers. 
1.4.2 Pd/CNTs for Ethanol Oxidation 
There are four types of carbon nanotubes used in this research that is CNT-1, 
CNT-2, CNT-5, and CNT-6. The average numbers of walls of various carbon 
nanotubes are 1, 2, 7, and 12, respectively. The TEM analysis results are shown in 
the aforementioned discussion. The relevant data about various types of carbon 
nanotubes are also calculated through BET. Based on the N2 adsorption isotherms the BET 
surface area of CNTs-1, CNTs-2, CNTs-5 and CNTs-6 is 576.7, 523.2, 538.8 and 270.6 m2 g−1, 
respectively.  
In this research, Pd/CNTs were used as catalysts 
[38, 39]
. Pd nanoparticles were 
homogenously dispersed onto the surface of CNTs and the Pd nanoparticle size was 
also similar. Through the following TGA test, the loading of Pd was the same as well. 
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Fig 18 TEM images of Pd/CNTs 
 
After that, the performance of various types of CNTs was tested, including the 
cyclic voltammetry. The activity was also concluded in Figure 19. The 
electrochemical activity of triple wall carbon nanotubes was better than that of other 
types of CNTs. 
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Fig 19 Cyclic voltammetry curves of various types of CNTs 
 
In order to explain this phenomenon, one hypothesis is proposed. The reason for 
the better performance is due to the quantum effect, which has been presented in the 
aforementioned discussion. 
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Fig 20Theoretic scheme of DWCNTs for EOR 
 
 
1.4.3 Methanol/ Formic Acid Oxidation 
There are six types of carbon nanotubes used in this research, including CNT-1, 
CNT-2, CNT-3, CNT-5, CNT-6, and CNT-7. The average numbers of walls of 
various carbon nanotubes are 1, 2, 3, 7, >12 and >30, respectively. The TEM analysis 
results and Raman spectra analysis results are shown in Figure 21.  
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Fig 19 Raman spectra images of CNTs 
 
In this research, Pd/CNTs were used as catalysts [38, 39]. Pd nanoparticles were 
homogenously dispersed onto the surface of CNTs and the Pd nanoparticle size was 
also similar. Through the following TGA test, the loading of Pd was the same as well. 
 
 
Fig 20 TEM images of Pd/CNTs 
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Fig 21 XRD images of Pd/CNTs 
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Fig 22 XPS and BE images of Pd/CNTs 
 
After that, the performance of various types of CNTs was tested, including the 
TOF and chronopotentiometry. The activity was also concluded in Figure 25. The 
electrochemical activity of triple wall carbon nanotubes was better than that of other 
types of CNTs. 
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Fig 23 Onset potential of CO oxidation of CNTs 
 
In order to explain this phenomenon, one hypothesis is proposed. The reason for 
the better performance is due to the quantum effect, which has been presented in the 
aforementioned discussion. 
 
 
Fig 26Schematic diagrams presenting the promotion effect the CNT support 
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1.4.4 Dye Functionalized Carbon Nanotubes for Photoelectrochemical Water 
Splitting
[40]
 
There are seven types of carbon nanotubes used in this research from CNT-1 to 
CNT-7. The average numbers of walls of various carbon nanotubes are 1, 2, 3, 3, 
7, >12 and >30, respectively. The TEM analysis and Raman spectra analysis results 
are shown in Figure 27. In this paper, we reported that CNTs composed of 2-3walls 
are better supports for Pt NPs to wire-up ORR reaction in alkaline conditions.  
After that, the performance of various types of CNTs was tested, including the 
photo-current density. The activity was also concluded in Figure 28. The 
electrochemical activity of triple wall carbon nanotubes was better than that of other 
types of CNTs. 
 
Fig 24 TEM images of CoPc/CNTs and Rubpy/CNTs 
 
In order to explain this phenomenon, one hypothesis is proposed. The reason for 
the better performance is due to the quantum effect, which has been presented in the 
aforementioned discussion. 
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Fig 28 Scheme of ZnPc/CNTs for PEC water oxidation 
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2 Experiments 
2.1 Materials 
Four types of CNTs were prepared from commercial sources.CNTs with 
different number of walls and diameters were obtained from commercial sources 
including Nanostructured & Amorphous Materials, Inc.,USA(SWCNTs), Beijing Dk 
Nano Technology Co., LTD, China and Shenzhen Nano, China (DWCNTs & 
MWCNTs). 50mg of CNTs were washed and filtered with 37 wt % of HCl for three 
times for eliminating impurities while synthesis process. Other materials include 
Potassium hexachloroplatinate (IV) acid, Polyethylenimine  (PEI), Potassium 
hydroxide (KOH), Perchloric acid (70 wt %), Ethanol, Nafion, which were purchased 
from Sigma-Aldrich. 
2.2 Preparation of Pt /CNTs 
 
Fig 29 Procedure for the preparation of Pt/CNTs 
 
20%Pt/CNTs: Pristine CNTs (100 mg) were functionalized using PEI following 
the procedures reported elsewhere
[41]
, which was named as Pt/CNTs. 40 mg 
PEI/CNTs were ultra-sonicated in 240 mL ethylene glycol(EG) solution for 1hour. 
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Then, a certain amount of K2PtCl6was added and heat treated at 150 
o
C for 3 
hours.After that, the solution was cooled in the ambient environment and then dried 
overnight at 70 
o
Cunder vacuum. The product was noted as Pt/CNTs, shown in figure 
30. 
2.3 Characterization 
In this study, the loading of Pt onto the surface of carbon nanotubes was tested 
by TGA (Q5000, USA). The surface area of four types of CNTs was measured by A 
Micromeritics Tristar II 3020 instrument in order to confirm the type of CNTs. And 
the XPS(Kratos AXIS Ultra DLD) wasapplied to confirm the state of Pt, which was 
also confirmed by XRD (Rigaku D/MAX RINT 2500) test. The morphology of Pt 
nanoparticles was tested by TEM analysis (JEOL3000) with operating at 300 kV. 
Typical three electrode cell was used to measure the electrochemical catalytic 
activity of prepared Pt/CNTs. All potentials in the present study were given versus 
RHE reference electrode: E=ESCE + ESCE + 0.059 × pH, where ESCE = 0.247 vs. RHE 
at 20
o
C. The electrochemical active of functionalized CNTs and Pt/CNTs were 
measured in an oxygen saturated 0.1 M KOH and 0.1M HClO4 solution at a scan rate 
of 10 mV s
-1
 for linear sweep voltammetry (LSV). As for LSV test, parameters were 
scan rate10 mV s
-1
, stirring rate1600 rpm and catalysts loading of 0.031 mg cm
-2
 in 
Hydrogen chloride(HCl) or KOH solutions. 
2.4 Data Management 
Linear sweep voltammetry 
[42]
, cyclic voltammetry, electron transfer numbers
[43]
, 
current exchange density
[43]
, chronoamperometry
[44]
and Tafel slop
[45]
 are commonly 
used for comparison of the electrochemicalcatalyticactivity. In this research, LSV, 
electron transfer number and Tafel slop will be applied for the comparison of the 
performance of Pt/CNTs. 
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3 Results 
3.1 Characterizations of CNTs 
TEM micrographs of CNTs after purification by washed with 30 wt% HCl three 
times. In order to calculate the average number of walls and outer diameter (OD) in 
various CNTs, over one hundred images of CNTs were selected
[46]
. CNTs-1 is 
mainly of SWCNTs (79%) with OD of around 2.0nm. CNTs-2 is mainly of 
DWCNTs (65%) with OD of about 3.3nm. CNTs-3 and CNT-4 are typical 
MWCNTs with average number of walls of 12 and 30 and OD of about 13.9nm and 
35.2nm, respectively. All relevant parameters are calculated as shown in Table 1. 
 
Table 1the basic parameters of four types of CNTs 
CNTs CNT-1 CNT-2 CNT-3 CNT-4 
Number of walls 1(79%) 2(65%) >12 >30 
 2(16%) 3(23%)   
 3(5%)    
Average number of walls 1 2 12 30 
Overall outer diameter (nm) 2.0 3.3 13.9 35.2 
Surface area (m
2
 g
-1
) 651 679 174 264 
 
 
Table2 indicates the basic parameters of various CNTs. According to the table, 
it is apparent that the average wall numbers of four types of CNTs were 1, 2, 12 and 
30. Meanwhile, the overall outer diameters were increased with increased wall 
numbers, while the surface areas were decreased. 
3.2 Characterizations of Pt/CNTs catalysts 
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Fig 25 TEM analysis of the Pt/CNTs 
 
Fig. 30 indicates TEM images of Pt/CNTs. Pt NPs are homogeneouslydispersed 
on the CNTs with a small range of size from 2.34nm to 2.58nm. PEI is essential for 
modification of the surface of CNTs for uniform loading of PtCl
4-
 NPs
[47]
. The 
negatively charged sidewall of CNTs is easily wrapped by cationic polyelectrolyte 
PEI by electrostatic attraction. After the addition of K2PtCl6 solution, the N atoms are 
easily to coordinate with PtCl
4-
 ions. Eventually, chemical reduction of Pt NPs would 
attach on the surface of CNTs. Without the functionalization of PEI, there would be 
no Pt NPs decorated on the surface and CNTs would be bare as well. The small range 
of Pt nanoparticle size is mainly contributed to the ratio of ethylene glycol−water ([48]. 
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Fig 26 TGA analysis of the Pt/CNTs 
 
The weight percentage of Pt loading on CNTs was measured by TGA test. As 
shown in figure 31, the weight loss is about 25% in the case of Pt/CNTs, with 
Pt/CNTs-1 23%, Pt/CNTs-2 25%, Pt/CNTs-3 28% and Pt/CNTs-4 27%. This means 
the loading of Pt on these kinds of composite is approximately 25%. The TGA 
results indicated thatPt was successfully deposited, which is consistent with TEM 
test results. 
 
Fig 27 XRD analysis of the Pt/CNTs 
 
Fig. 32demonstrates the XRD patterns of the Pt/CNTs. The calculated sizes of 
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the Pt nanoparticlesdoped onto the surface of CNT-1, CNT-2, CNT-3 and CNT-4 
were close, varying from 2.48 to 3.31 nm.The calculated size of Pt 
nanoparticleswaslarger than that of TEM analysis as shown in Table 3. 
Table 2Particle sizes of Pt nanoparticlesdoped onto various CNTs 
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Fig 28XPS spectra of the Pt/CNTs 
As shown in Fig 33, the XPS survey scan spectrum exhibits distinct Pt 4f peaks 
from Pt/CNTs. Specifically, two chemically different Pt entities could be identified 
as marked in the spectrum, corresponding to metallic Pt (0) with binding energies 
(BE) of 71.5 and 74.8 eV, and oxide Pt(II) with BE of 72.9 and 76.2 eV oxide. 
C 
D 
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Obviously, the anchored Pt species are predominantly in the metallic state, with 
Pt/SWCNTs (70.4%), Pt/DWCNTs (67.2%), Pt/MWCNTs-1 (77.8%), and 
Pt/MWCNTs-1 (67.1%), respectively. 
 
 
3.3 LSV analysis of Pt/CNTs in alkaline solution 
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Fig 29A) Linear scan voltammetry of ORR. B) Current density at 0.9 V. 
 
A 
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Figure 34 shows the LSV of ORR on Pt/CNTs electrode in 0.1 M KOH. The 
number of walls of CNTs has significant influence on the ORR. There was a volcano 
relationship between the current density and the number of walls in alkaline solution 
(Fig.33B). Both the half-wave potential and the current density measured at 0.9V 
indicate that Pt/DWCNTs exhibit the best activity for ORR (Fig.33B). The half-wave 
potentials for ORR on Pt/DWCNTs electrode is 0.874V, 10-40 mV more positive as 
compared with 0.834V for Pt/SWCNTs, 0.864V for Pt/MWCNTs-1 and 0.849V for 
Pt/MWCNTs-2. The current density for ORR on Pt/DWCNTs is 2.05mA cm
-2
 at 0.9 
V, which is also significantly higher than that measured on Pt/SWCNTs (0.88mA 
cm
-2
), Pt/MWCNTs-1 (1.72mA cm
-2
) and Pt/MWCNTs-2(1.30mA cm
-2
), 
respectively. 
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Fig 30Linear scan voltammetry of ORR of four types of Pt/CNTs and Pt/C in at different stirring 
rate and B) corresponding Koutecky–Levich plots (J
-1
 versus ω
-0.5
). 
The reaction kinetics was studied by rotating-disk voltammetry in order 
toinvestigate the role of walls during the ORR electrochemical process in alkaline 
solution. The corresponding Koutecky–Levich plots (J−1 vs ω−1/2) at various samples 
exhibited good linearity (Figure 35 F). Then was calculated to be around 4, with the n 
of Pt/DWCNTs slightly higher than that of Pt/SWCNTs, Pt/MWCNTs and 
Pt/MWCNTs-2.  
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Fig 31 Tafel plots of ORR of Pt/CNTs and Pt/C. 
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The Tafel plots calculated from the voltammograms are shown in Figure 36. 
The lowest Tafel slope of -84mV/decade is found for Pt/CNTs-2, which is followed 
by Pt/CNTs-3 (-85mV/decade), Pt/CNTs-1 (-87mV/decade) and Pt/CNTs-4 (-
100mV/decade). This indicates that the rate determining step for the ORR is the first 
charge transfer step 
[49-52]
: 
O2 + Pt = Pt(O2)ad 
It is different from the second rate determining electrochemical step:  
Pt(O2)ad + e
-
 = Pt(O2
-
)ad. 
3.4 LSV of Pt/CNTs in acidic solution 
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Fig 37A) Linear scan voltammetry of ORRand B) Current density at 0.9 V 
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Pt/DWCNTs show more excellent activity for ORR, Figure 37 displays the LSV 
of ORR for Pt/CNTs and summarized the half-wave potential and current density at 
0.8 V. The half-wave potential of Pt/DWCNTs is obtained at 0.71 V, about 10-40 
mV positive than that observed on Pt/SWCNTs, Pt/MWCNTs-1 and Pt/MWCNTs-2. 
More importantly, the current density at 0.8 V function as the number of walls 
exhibits similar volcano shape to that of Pt/CNTs in alkaline solution, indicating the 
enhanced ORR activity is related with the intrigue properties of CNTs. The ORR 
current density observed at 0.8 V for Pt/DWCNTs is also 1.07 mA cm
-2
, significantly 
higher than that of Pt/SWCNTs, Pt/MWCNTs-1 and Pt/MWCNTs-2 with the number 
of 0.27, 0.86 and 0.57 mA cm
-2
, respectively. 
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Fig 32Linear scan voltammetry of ORR of four types of Pt/CNTs and B) corresponding 
Koutecky–Levich plots (J
−1
 versus ω
−0.5
). 
In order to investigate the role of walls during the ORR electrochemical process 
in acidic solution, the reaction kinetics was studied by rotating-disk voltammetry. 
The voltammetric profiles in O2 saturated 0.1 M HClO4 as the electrolyte showed 
that the current density was enhanced by an increase in the rotation rate (from 400 to 
1600 rpm; Figure 37 A-E). The corresponding Koutecky–Levich plots (J−1 vs ω−1/2) 
at various samples exhibited good linearity (Figure 38 F). By using the values 
C0=1.38×10
−3
 mol L−1, D0=1.67×10
−5
 cm s−1, and v=0.1 m2 s−1 in 0.1 M HClO4, n 
was calculated to be around 4, with the n of Pt/DWCNTs slightly higher than that of 
Pt/SWCNTs, Pt/MWCNTs and Pt/MWCNTs-2.  
F 
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Fig 39(A) Rotating disk voltammograms comparing the oxygen reduction on Pt/CNTs in O2 
saturated 0.1 M HClO4 solution and (B) the corresponding Tafel plots. 
 
The Tafel plots calculated from the voltammograms (Figure 39A) are shown in 
Figure 39B. A single linear Tafel slope was obtained in the whole potential 
region.The lowest Tafel slope of -85mV/decade is found for Pt/CNTs-2 and 
Pt/CNTs-3, which is followed by Pt/CNTs-4 (-88mV/decade) and Pt/CNTs-1 (-
99mV/decade). This indicates that the rate determining step for the ORR is the first 
charge transfer step
[49-52]
: 
O2 + Pt = Pt(O2)ad 
A 
B 
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It is different from the second rate determining electrochemical step:  
Pt(O2)ad + e
-
 = Pt(O2
-
)ad. 
The ORR activity of Pt/CNTs follows a distinctive volcano-type curves as 
function to the number of walls of the CNTs, and the best activity are those CNTs 
composed of DWCNTs supported with Pt NPs. Such distinctive volcano shape is not 
related with the metal impurities, defects and the surface area of the CNTs as we 
discussed before. And also is not related with the Pt loading, Pt particle size and ESA 
due to the loading, the Pt particle size and the ECSA of Pt/CNTs are similar. These 
evidently indicate that the promotion effect of the CNTs for ORR activity is related 
to the intrinsic properties of CNTs. 
As mentioned before, there is a volcano relationship between the catalytic 
activity of pristine CNTs and the number of CNTs. DWCNTs with 2-7 walls 
showbetter performance compared to SWCNTs and large diameter MWCNTs in 
alkaline solution where 10 mM KCN were applied to eliminate the contribution of 
the trace amount of metal impurities. Pt and Pd were also supported onto CNTs and 
the activity for methanol, ethanol and/or formic acid oxidation in alkaline conditions 
were also investigated, and demonstrated that Pt and Pd NPs supported onto the 
CNTs with 2-7 inner tubes show significantly better activity for methanol, ethanol 
and formic acid oxidation compared to those Pt or Pd supported on SWCNTs and 
MWCNTs. And intriguingly, the activity of Pt/CNTs and Pd/CNTs for methanol 
and/or ethanol oxidation universally shows a similar volcano-type curve. These 
results all demonstrated that the electrocatalytic activity of Pt and Pd NPs depends 
critically on the number of inner tubes of the CNTs supports. The existence of inner 
tubes with number of 2-7 can facilitate the adsorption and migration of oxygen-
containing species and promote the charge transfer between the outer wall and the 
inner tube via the electron tunnelling effect under electrochemical polarization 
conditions.  
Similar to that of OER, MOR and EOR reaction on CNTs hybrids, the protected 
inner-tube could also serve as an effective electronic conducting pathway for charge 
transfer during ORR reaction. Thus the electron tunnelling between the outer wall 
and the inner tubes could accelerate the electron transfer process during the ORR for 
pristine CNTs and their hybrids for which is not possible for SWCNTs. As the 
number of wall increases, the tunnelling resistance will increase significantly due to 
the tunnelling distance for large diameter MWCNTs (such as CNTs-3 and CNTs-4) 
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is over 10 Angstroms, which is believed the effective tunnelling distance. Fig. 39 
shows the schematic diagram of the promotion effect of CNTs supports. Firstly, the 
CNTs especially the CNTs compose of 2-5 nm can absorb the O2 to from H2O- 
through a two electron process. And the formed H2O- can be easily reduced by Pt 
supported on CNTs. As we discuss before, DWCNTs show better kinetics and 
enhanced electron transfer properties through tunnelling effect compared with typical 
SWCNTs and MWCNTs.  
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4 Conclusions and Future Plans 
In conclusion, Pt loaded DWCNTs show significantly better activity for ORR. 
DWCNTs are demonstrate better catalysts and supports for developing ORR 
catalysts due to the enhance electron transfer properties of the CNTs composed of 2 
inner tubes through tunnelling effect. The present study provides new opportunities 
to tailor the electro catalytic activity properties of CNTs hybrids via the electron and 
quantum transport properties of CNTs supports. 
The reason for the better performance is due to the quantum effect of double 
and triple wall carbon nanotubes asshown in Fig. 40. The outer wall is reaction site, 
while the inner wall is useful for fast electron transfer. As for single wall carbon 
nanotubes, there is no quantum effect. When it comes to MWCNTs, the effect is 
decreased with increased wall numbers. 
 
 
Fig 40 Schematic show of the promotion effect of CNTs for ORR 
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